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ABSTRACT

The effectiveness of techniques for creating “bogus” vortices in numerical simulations of
hurricanes is examined by using the Penn State/NCAR nonhydrostatic mesoscale model (MMS5)
and its adjoint system. A series of four-dimensional variational data assimilation (4-D VAR)
experiments is conducted to generate an initial vortex for Hurricane Georges (1998) in the
Atlantic Ocean by assimilating bogus sea-level pressure and surface wind information into the
mesoscale numerical model. Several different strategies are tested for improving the vortex
representation.

The initial vortices produced by the 4-D VAR technique are able to reproduce many of
the structural features of mature hurricanes. The vortices also result in significant improvements
to the hurricane forecasts in terms of both intensity and track. In particular, with assimilation of
only bogus sea-level pressure information, the response in the wind field is contained largely
within the divergent component, with strong convergence leading to strong upward motion near
the center. Although the intensity of the initial vortex seems to be well represented, a dramatic
spin down of the storm occurs within the first 6 h of the forecast. With assimilation of bogus
surface wind data only, an expected dominance of the rotational component of the wind field is
generated, but.the minimum pressure is adjusted inadequately compared to the actual hurricane
minimum pressure. Only when both the bogus surface pressure and wind information are
assimilated together does the model produce a vortex that represents the actual intensity of the
hurricane and results in significant improvements to forecasts of both hurricane intensity and
track.

When the scale of the specified bogus vortex is smaller than that which can be resolved



by the model, the assimilation method may result in structures that do not completely resemble
observed structures in hurricanes. An example is the vertical motion field, which for a smaller-
scale vortex, tends to be characterized by upward motion at the center of the hurricane. An
additional numerical experiment indicates that a relatively larger vortexrsize assignment that
allows for improved resolution of the vortex on a mesoscale grid leads to a more realistic
depiction of the vertical motion ﬁeldn and to significant improvement of the hurricane track
forecast.

Finally, the bogusing methodology is further evaluated by applying if to Hurricane
Bonnie (1998) Jjust prior to its rapid intensification. The bogus vortex improves the track and
intensity forecasts for Bonnie, but is not quite able to capture the correct rate of deepening. These

results stress the need to incorporate additional information from satellites and aircraft.



1. Introduction

Forecasts of track and intensity changes for mature hurricanes require accurate
representation of the hurricane vortex in model initial conditions. Vortices contained in large-
scale analyses from operational centers are often too weak and sometimes misplaced and
observations in the vicinity of the hurricane are usually sparse. In order to improve the storm
representation, the use of so-called “bogus vortices” is often adopted (Lord 1991; Kurihara et al.
1990; Leslie and Holland 1995). A bogus vortex is an artificial vortex generated by knowledge of
an empirically realistic vortex. It is usually specified based on the size of the cyclone (the radius
of maximum winds), its position, and its intensity (the maximum velocity or minimum sea-level
pressure). Traditionally, such bogus vortices have been directly implanted into the larger-scale
environment. Many successful simulations, including prediction of hurricane movement and
structure, have been conducted using bogus vortices for hurricane model initialization (e.g.,
Kurihara et al. 1990; Lord 1991; Trinh and Krishnamuti 1992). However, an important and
unsolved issue in such an approach is consistency of the vortex with the properties of the
prediction model. The initial moisture field, which can affect the intensity change of the vortex,
has been especially difficult to specify in a realistic yet model-consistent manner (Iwasaki et al.
1987; Mathur 1991).

A more advanced scheme has been proposed by Kurihara et al. (1993) at the Geophysical
Fluid Dynamics Laboratory (GFDL) to overcome such defects. The main strategy of their
scheme is to replace the poorly resolved vortex from a coarse-resolution analysis with a more

realistic vortex that is constructed to match better the high-resolution hurricane prediction model.



They apply two spatial filters to remove the poorly resolved vortex from the large-scale analysis.
The specified vortex to be placed in the environmental field consists of a symmetric vortex and
an asymmetric flow. The symmetric component is generated from a time integration of an
“axisymmetric version of the hurricane prediction model, with an observationally derived
constraint imposed on the tangential flow. The generated symmetric wind is used in the
computation of the asymmetric component using a simplified barotropic vorticity equation, thus
providing consistent symmetric and asymmetric components. The mass field is then recomputed
using a static initialization method in which the generated wind field is not rﬁodiﬁed. This
technique,' proposed by Kurihara et al. (1993), ensures the following desirable conditions: 1) a
smooth transition between the environmental field and the storm area; 2) compatibility of the
specified vortex to the resolution and physics of the prediction model; 3) structural consistency
of the generated vortex in the fields of wind, temperature, surface pressure, and moisture; and 4)
the incorporation of realistic features in the tangential flow of the vortex. As anticipated, the
method shows a substantial improvement in the track prediction (Bender et al. 1993). The
success of this technique indicates the importance of having a dynamically and
thermodynamically consistent initial vortex that is compatible with the resolution and physics of
the hurricane prediction model.

As a natural extension of the GFDL’s initialization method, Zou and Xiao (2000) have
proposed a new approach to improve the initial vortex by using a four-dimensional variational
data assimilation technique (4-D VAR). The method requires two steps: 1) Specification of a
bogus vortex by defining the position, radius of maximum wind and minimum sea-level pressure

of the initial vortex, and prescribing a symmetric sea-level pressure distribution over the vortex



region; 2) assuming that the time tendency of sea-level pressure is near zero in a short time
period and then assimilating the specified bogus sea-level pressure field into the numerical model
within a 30-minute assimilation window. They show very encouraging results for Hurricane
Felix (1995).

The advantages of using the 4-D VAR technique to generate the bogus vortex are as
follows. First, the 4-D VAR technique uses the actual forecast model rather than a simplified
model (e.g., an axisymmetric model) to provide a strong dynamical constraint during the bogus
data assimilation. Observational data, bogus information and model dynamics a&, combined in
one systerﬁ. The assimilation results not only fit the data but also are consistent with the model
resolution and physics. Second, the 4-D VAR technique allows all model variables to be adjusted
freely during the assimilation period. Finally, the 30-min assimilation window allows the initially
symmetric vortex to develop asymmetric structure.

Since the 4-D VAR method shows promise for vortex initialization, this study explores
the effectiveness of the bogusing technique of Zou and Xiao (2000) for the case of Hurricane
Georges (1998) and examines the sensitivity of the results to vortex size and the type of bogus
information (pressure, wind). Considering the large computational expense required for 4-D
VAR data assimilation, the experiments are performed at relatively coarse horizontal grid
resolution in this study.

Brief descriptions of the methodology and model are described in section 2, and a
summary of Hurricane Georges is given in section 3. Evaluation of model sensitivity to the
bogus vortex scheme is given in section 4. The impacts of vortex size on the initialization and

forecast are investigated in section 5. To demonstrate the effectiveness of the methodology in the



case of a rapidly deepening storm, the bogusing technique is applied to the case of Hurricane

Bonnie (1998) in section 6. A summary is given in section 7.
2. A variational bogus vortex scheme

Following Zou and Xiao (2000), the bogus vortex scheme consists of two steps: 1) Bogus

vortex data specification and 2) 4-D VAR assimilation of the bogus data.
a. Vortex Specification

The bogus “observations’’ for the specified initial vortex consist of values of sea-level
pressure and wind speed and direction ovér a circular region with a radius R. The vortex is
assumed to be axisymmetric. The surface pressure field is specified based upon the radius of
maximum wind in the cyclone, the position of the hurricane center, and central pressure. In
general, the distribution of bogus sea-level pressure data can be generated by empirical functions
such as the formulas of Fujita’s or others (Holland 1980; Anthes, 1982). In this study, the
hurricane sea-level pressure is specified following the analytic model proposed by Holland
(1980).

According to Holland (1980), the sea-level pressure, p"™**, at radius r (0Sr<R) is defined

by the following relationship

pbogus (I’) =p, + (p" - P, )exp(— A/rB) (1)

where p, the central sea-level pressure and p, the ambient pressure (theoretically at infinite

radius; however, in practice, the value of the first anticyclonically curved isobar is used). The



scaling parameters A and B are defined by maximum wind information as follows. Using the

gradient balance relationship and Eq. (1), the wind profile is

V0= [AB(p, - p)exp(-Al Y pr” + 1 f*(4] —rfl2 @)

bogus

where V™" is the gradient surface wind at radius r, f is the Coriolis parameter, and P the air

density (assumed constant at 1.15 g m”). In the region of maximum winds, the Coriolis force is
small in comparison to the pressure gradient and bentrifugal forces and the air is in cyclostrophic

balance. These winds are given by
2
Ve (r) = [aB(p, - pJexo(-al " Y pr' | ©)

By settingdV,/dr =0, the radius of maximum winds is R, = A" and substitution back into (3)
gives the maximum wind speed, V,, = C(P,, - P )vz’ where C = (B/ ,De)u2 and e is the base of

natural logarithms. Specification of V_ and R, then provides values of A and B for Eqs. (1-2).
A vertical profile is assumed for the wind information in order to extend the information
to higher levels. Following Kurihara et al. (1993), the vertical structure of the wind is specified

by an empirical function F(0) as follows:
V" (r.0)=Flo )" (r) )

where O denotes the vertical level. The numerical values of F(0) can be modified according to

the storm depth (Kurihara et al. 1993). Further details are given in Section 4.



b. Variational assimilation of the bogus vortex data

The bogus distributions of pressure and wind are introduced into the 4-D VAR
assimilation system within a 30 min assimilation window. The cost function to be minimized is

written as follows:

J= Z‘]k +J, 3

k=l mn

where J, is the background error covariance term and J, is the contribution to the cost function
from a certain type of data. The subscript k denotes the type of data and m is the total number of
available data types. For example, the contribution from bogus sea-level pressure and wind

information can be described as follows:

-]l — Z Z (P _ pbogus )TWp(p _ pbogus ), (6)

t, i,jeR

,=Y Y (V-ve=u,o)fw, [ -vre,0), %

t, (ro)R

5

where p and V are the analysis variables, p™* and V" are the bogus vortex data, T and

x € (0,A) are the observation times, while A is the length of assimilation window. W, and W, are
weighting factors that depend on the assumed statistical error characteristics of the bogus data.

In this study, J, is a simple background term measuring the distance between the model
state and the MMS5 analysis based on the large-scale ECMWF analysis. Only approximated
variances are included in the background weighting matrix. The weighting factors W, and W, are

diagonal weighting matrices and their values are determined empirically.



c¢. The numerical forecast model and its adjoint

The PSU/NCAR mesoscale forecast model (MMY) and its adjoint system are used in this
study. The MMS is a limited-area, non-hydrostatic primitive equation model with multiple
options for various physical parameterization schemes (Dudhia 1993; Grell et al. 1995). The

model employs a terrain-following & vertical coordinate, where O is defined as

O = (P— plopY(psfc — Pop ) p is pressure, and p,. and p,, are the pressures at the surface and

model top, respectively. Physics options used for this study include the Betts-Miller cumulus

parameterization, a simple ice microphysics scheme (Dudhia 1989), the Blackadar high-

resolution planetary-boundary layer parameterization scheme (Blackadar, 1976, 1979; Zhang and

Anthes 1982), and the cloud atmospheric radiation scheme (Dudhia 1993). The land surface

temperature is predicted using surface energy budget equations as described in Grell et al.

(1995). For a more detailed description of MMS3, the reader is referred to Dudhia (1993) and
Grell et al. (1995).

The MMS5 adjoint modeli-ng system (Zou et al. 1998) is employed in the data assimilation
experiment. For the variational data assimilation system, physics options are limited to the Kuo
cumulus parameterization and a simple bulk-aerodynamic planetary boundary layer scheme.
Application of the MMS adjoint model to a variety of mesoscale weather systems has been

demonstrated in papers by Zou et al. (1995), Kuo et al. (1996), and Zou and Xiao (2000).
3. Summary of Hurricane Georges (1998)

Georges was the second deadliest and second strongest hurricane within the Atlantic



basin during the 1998 season. During its 17-day lifetime (15 September — 01 October), it resulted
in multiple landfalls, extending from the northeastern Caribbean to the coast of Mississippi, and
602 fatalities, mainly in the Dominican Republic and Haiti.

Because of an interest in examining the landfall of Georges in Puerto Rico and
Hispaniola, 1200 UTC 21 September 1998 was selected as the initial time for simulation. At this
time, Georges was located over the ocean to the east-southeast of Puerto Rico (Fig. 1) and was a
mature category 2 hurricane based on the Saffir-Simpson intensity scale, having recently
weakened from a category 4 intensity. Georges eyewall made landfall in Puérto Rico with -
sustained surface winds in excess of 50 m s" late on the 21°. The hurricane moved inland over
Puerto Rico, weakened slightly, and then moved into the Mona Passage early on the 22", where
it re-intensified slightly before making landfall later that morning in the Dominican Republic
with estimated sustained surface winds of 54 m s”. During the next 21 h, George weakened as it
moved slowly across the mountainous terrain of the Dominican Republic and Haiti, where it
produced copious rain, deadly flash floods, and mud slides. The system moved into the
Windward Passage on the morning of the 23" with maximum sustained winds reduced to 33 m s’

'. Georges changed little before making landfall in eastern Cuba later that afternoon (Fig. I).
4. Evaluation of the variational bogus vortex scheme

a. Experimental design

For the experiments, two horizontal grids are used, a fixed outer domain A, with a 36-km
grid spacing, and a nested, movable inner mesh B with a 12-km grid spacing (Fig. 1). The model

vertical structure is comprised of 27 O levels with the top of the model set at a pressure of 50
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hPa. The O levels are placed at values of 1.0, 0.99, 0.98, 0.96, 0.93, 0.89, 0.85, 0.81, 0.77, 0.73,
0.69, 0.65, 0.61, 0.57, 0.53, 0.49, 0.45, 0.41, 0.37, 0.33, 0.29, 0.25, 0.21, 0.17, 0.13, 0.09, 0.05,
and 0. The assimilation of the bogus vortex information is applied only to the 36-km domain. At
the end of the assimilation window (30 min), the 12-km nest is initialized by interpolation (see
Grell et al. 1995) of all prognostic variables from the 36-km mesh using a monotonic
interpolation scheme based upon Smolarkiewicz and Grell (1992). All figures present results
from the 12-km grid.

Initial conditions for the 36-km domain, prior to assimilation, are deri-ved from 12-h
European Center for Medium-Range Forecasts (ECMWF) analyses archived at NCAR. Analysis
fields, including temperature, relative humidity, geopotential height, and winds at mandatory
pressure levels and with horizontal resolution of 2.5°X2.5° are interpolated horizontally to
model grid points. These interpolated analyses are refined by adding information from standard
twice daily rawinsondes and 3-hourly surface and buoy reports using a Barnes objective analysis
technique (Manning and Haagenson, 1992). Final analyses are then interpolated to the model ©
levels. Figure 2a shows the ECMWF analysis fields of sea-level pressure and 850-hPa wind
vectors and wind speed at 1200 UTC 21 September 1998. At the time, Hurricane George was a
category 2 hurricane, but the ECMWF analysis shows only a weak pressure minimum (about
1008 hPa) and a broad wind speed maximum to the northeast of the center.

Several experiments are conducted using the variational bogus vortex scheme. The
distribution of sea-level pressure in each case is specified following Holland’s (1980) hurricane
pressure profile (Eq. 1) assuming a central pressure of p, =966 hPa, a center location at 17.4° N,

63.6° W, an ambient pressure of p,=1010 hPa, a maximum surface wind speed of V,=48.9 m s,
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and a radius of maximum surface wind R, = 40 km (estimated from airborne radar). The bogus
information extends out to a radius of 300 km. A control simulation is performed in which no
bogus vortex is included in the initial conditions. Three experiments are conducted that vary the
information assimilated into the model:
Exp.1l: Similar to Zou and Xiao (1999), only bogus sea-level pressure data is
assimilated into the mesoscale model, i.e., J =J, +J;.

Exp.2: Only'bogus wind data is assimilated into the mesoscale model, ie.,

J=J,+J,.

Exp.3: Both wind and sea-level pressure data are assimilated into the model, i.e.,

J=J,+J,+J,.

In experiments 2 and 3, the surface wind is specified by the relationship in (2) and extended into
the vertical according to (4) with the following vertical profile, F(0)=1.0, 0.95, 0.85, 0.65, 0.35,
0.15 for ©=0.9,0.75, 0.5, 0.4, 0.3, 0.15, respectively, and 0 above 0.15.

Similar to Zou and Xiao (2000), the specified sea-level pressure information are
assimilated every 5 min within a 30-min window. The wind information is assimilated every 10
min in this 30-min window. This method assumes that the tendencies of surface pressure and
wind are near zero during this half hour. Zou and Xiao (2000) indicated that such constraints can

be incorporated by adding a penalty term to the cost function (Zou et al. 1992, Zou et al. 1993).

a. Numerical Results

1) Initial Vortex

For the assimilation experiments, minimization of the cost function generally converges

12



in about 30 iterations. In order to compare the experiments equally, the minimization is stopped
after 30 iterations for all experiments. During the minimization procedure, the assimilation
variables (sea-level pressure and/or winds) are forced toward the bogus information, while all

other variables (e.g., temperature and moisture) are free to develop in a model-consistent manner.

The improvement in the structure of the initial vortex is apparent after the assimilation
procedure. Figure 2 shows the distribution of the initial sea-level pressure, wind speed and wind
ve_ctors at 850 hPa before (Fig. 2a) and after data assimilation (Figs. 2b-d). Thé vortices after
variationai data assimilation are more intense than the vortex in the global analysis. The winds
show a more realistic distribution and maximum winds occur closer to the vortex center.
Although a symmetric surface low (and/or wind field) is assimilated during the minimization
procedure, the resulting wind speed distribution includes an asymmetric structure in all three
assimilation experiments. A vortex flow is also generated above the surface for all experiments
(e.g., Fig.4b).

In order to show that the proposed scheme produces initial fields that realistically
resemble three-dimensional structures of hurricanes, we show the distributions of the zonal wind,
meridional wind, potential temperature, and the water vapor mixing ratio through the center of
the vortex prior to assimilation (Ctrl, Fig. 3) and after assimilation (Exp. 3, Fig. 4). Without the
bogus vortex, the zonal and meridional flow patterns (Figs. 3a, b) indicate easterly flow across a
Sroad, weak vortex. Potential temperature and moisture perturbations are small (Figs. 3c, d). In
contrast, the initial vortex generated by the 4-D VAR technique reproduces many features of

mature hurricanes, including low-level inflow and upper-level outflow (Fig. 4a) and a strong
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tangential circulation (Fig. 4b). Although only bogus sea-level pressure and wind data were
specified, the temperature and moisture fields are also adjusted with a warm core feature
appearing during the assimilation process. Similar features for these fields are fourﬁd in Exp. 1
and Exp. 2, but the amplitudes vary.

Significant differences are seen between the experiments in the vertical velocity fields
(Fig. 5). In the absence of the bogus vortex, subsidence occurs in the area of the observed
hurricane with very weak upward motion at larger radii. With assimilation of the sea-level
pressure data only (Exp. 1, Fig. 5b), very strong upward vertical motion occurs near the hurricane
center. Tﬁis strong vertical motion decreases when the wind data are introduced in the
assimilation process (e.g., Exp. 3, Fig. 5d). By assimilating wind data only, upward vertical
motion appears strong only at upper levels. In each case, the strongest upward motions occur
near the center of the storm, unlike observed vertical motions in hurricanes in which the upward
motion is displaced from the center in the form of an eyewall. This simulated structure results
from the fact that the 36-km horizontal grid spacing is incapable of resolving the eyewall and eye
(in this case, the distance between one side of the eyewall, across the eye, to the other side is
effectively three grid points). While the initial vertical motion structure is not fully adequate, the
upward motions obtained from the forecast on the 12-km grid very rapidly shift away from the
center to form a realistic looking eyewall (not shown). Thus, as will be shown in the next section,

inadequacies in the initial vertical motions are not necessarily detrimental to the forecast.

2) Forecast Impacts
Figure 6 shows the simulated tracks compared to the observed track of Georges. All of

the simulations produce tracks that are to the right of the observed motion. The two cases for
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which bogus pressure fields are assimilated (Exp. 1 and Exp. 3) show improved skill over the
control simulation and the case involving assimilated surface winds only (Exp. 2). Experiments 1
and 3 provide nearly a 30% improvement in the track forecast, but still lack a critical aspect of
Georges development—its direct interaction with the orography of Puerto Rico and the
Dominican Republic.

Figure 7 shows the temporal variations of the minimum sea-level pressure (or hurricane
central pressure, Fig. 7a) and maximum winds at the lowest model level (Fig. 7b). The results
suggest significant improvement in both the pressure and wind forecasts when boéus vortices are
introduced into the initial conditions. However, there are marked differences between the
experiments. In Exp. 1, in which only bogus pressure information was used, a dramatic spin
down of the storm occurs within the first 6 h of the forecast, after which the case shows only
marginal improvement over the control simulation. In Exp. 2, in which only bogus surface winds
were used, the wind forecast is quite reasonable, but the minimum pressure time series suggests
an inadequate adjustment of the initial pressure field and a subsequent pressure forecast that is
often up to 10-20 hPa in error. Experiment 3, which uses both bogus pressure and wind
information, provides the best forecast. The minimum central pressure and maximum winds are
generally within 5-10 hPa and 5 m s”, respectively, of the observed values. In particular, note
that the pressure rises and falls are comparable in behavior to the observed tendencies. While the
observed movement of George over the island led to rapid weakening of the storm after 24 h, the
more northward movement of the storm in Exp. 3 leads to less weakening.

The forecast results in experiments 1 and 2 indicate very different model responses to the

separate assimilation of surface pressure and winds. Figure 8 shows the vector wind differences
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between the experiments and the control simulation as well as the divergence field. When only
bogus surface pressure information is simulated (Exp. 2), the response in the wind field is
contained largely within the divergent component of the wind, with strong convergence leading
to strong upward motion in the center, as noted in F1g 5b. In contrast, assimilation of only the
bogus surface wind information (which are non-divergent) leads to an expected dominance of the
rotational component of the wind field and a weakly convergent flow near the eye. Only when
both the bogus surface pressure and wind information are assimilated together does the model
produce a strong rotational and convergent wind field. |

The improvement of the forecast obtained by using bogus pressure and wind information
is demonstrated in Fig. 9, which shows forecasted 6-h precipitation accumulation for the control
case and Exp. 3. In the control simulation (Fig. 9a), the vortex is weak and light precipitation
covers a broad area to the north and east of the center. In Exp. 3 (Fig. 9b), intense precipitation
occurs on the eastern side of the vortex with much lighter precipitation on the western side. Outer
convective bands are seen well to the east of the center. Figure 9c shows the distribution of radar
reflectivity from the lower-fuselage radar of the National Oceanic and Atmospheric
Administration (NOAA) WP-3D reconnaissance aircraft at 1742 UTC 21 September,
approximately 18 min prior to the time of Fig. 9b. The radar data indicate a qualitatively similar
distribution of precipitation, with maximum rainfall on the eastern side of the storm center. The
results show that the assimilation of the bogus pressure and wind fields leads not only to
adjustments to those particular fields in the initial conditions, but also to significant adjustments
to other fields such as moisture. Furthermore, despite the assimilation of axisymmetric

distributions of pressure and wind, realistic asymmetries are produced for this case by the 4-D
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VAR system.
5. Effects of vortex size

In the previous experiments, the bogus vortex was specified according to the observéd
size of the hurricane with a radius of maximum winds comparable to the model grid spacing. In
this section, we explore the sensitivity of the assimilation and forecast to the size of the bogus
vortex by specifying a vortex that is resolved better by the 36-km grid spacing. Two experiments
are performed. |

Exp. 4: Same as Exp. 1, except the radius of maximum winds is set to 120 km,

instead of 40 km.

Exp. 5: Same as Exp. 3, except the radius of maximum winds is set to 120 km.

Similar to experiments 1 and 3, reasonable initial vortex structures appear after data
assimilation in experiments 4 and 5. To illustrate the changes caused by the increased size of the
vortex, Fig. 10 compares the wind speed for experiments 3 and 5. In Exp. 3 (Fig. 10a), the radius
of maximum winds is small and the model is unable to resolve the weak horizontal motions that
should be present in the eye. In contrast, in Exp. 5 (Fig. 10b), the vortex is sufficiently large that
the wind speed minimum in the eye is resolved.

Comparison of the vertical motions in Exp. 4 (Fig. 11a) with Exp. 1 (Fig. 5b) shows that
even with the larger vortex, assimilation of pressure information only leads to strong upward
motion near the center. In contrast, Fig. 11b shows that assimilation of both pressure and wind
information associated with the larger vortex results in weaker vertical motion. In Exp. 3 (Fig.

5d), the upward motion was strongest near the center, which was attributed to inadequate
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horizontal resolution. In Exp. 5 (Fig. 11b), upward motion is located to the east of the center with
a suggestion of weak upward motion to the west and weak downward motion near the center
below 350 hPa. Thus, when the vortex is sufficiently large for it to be resolved on the horizontal
grid, more reasonable vertical motion patterns are obtained.

The impact of vortex size on forecasts of track and intensity are shown in Figs. 12 and 13.
The simulated intensity in Exp. 4 is slightly better than in Exp. 1, but similar to Exp. 1, the initial
vortex spins down very quickly at the beginning of the forecast integration (Fig. 13). The results
for Exp. 5 show that both the track and intensity forecasts are improved trémendously. In
particular,v about 70% of the track error is reduced (Fig. 12) and the intensity forecast catches
most features of the observed intensity changes. The two landfalls of Hurricane Georges during
this period are well predicted. The temporal variations of central sea-level pressure agree well
with the observations (Fig. 13a) except for showing less of a rise in the final 12 h. This error may
be due to the lack of high-resolution terrain information in the model. The forecast impacts
suggest that using a vortex that is larger than observed may not be detrimental to the simulation,
but in fact can provide improved results as the vortex is resolved better on the model horizontal

grid.
6. Hurricane Bonnie (1998)

The experiments for Hurricane Georges show that the bogus vortex technique can work
well for a relatively steady hurricane, but how well can it work for rapidly deepening storms? In
this section, the bogusing technique is applied to the case of Hurricane Bonnie (1998) just prior

to its rapid intensification. Bonnie became a hurricane around 0000 UTC 22 August 1998. By
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0600 UTC, reconnaissance aircraft detected a nearly complete eyewall and flight-level winds up
to 39 m s'. Over the next two days, Bonnie moved northwestward (Fig. 14) and developed
maximum winds of 51 m's” and a minimum pressure of 954 hPa.

Because of our interest in the rapid deepening of the hurricane, 0000 UTC 22 August is
selected as the initial time for simulation. The experiment configuration is similar to Exp. 5 for
Hurricane George in which both bogus surface pressure and wind information are assimilated for
a vortex with radius of maximum winds of 120 km. The model includes an outer domain with
36-km grid spacing (domain C in Fig. 14) and a movable, nested domain wiih 12 km grid
spacing (dbmain D in Fig. 14). Assimilation of the bogus vortex is performed only for the 36-km
domain while initial conditions for the 12-km grid are interpolated from the coarser domain. The
parameters defining the bogus vortex are the follows: p, =991 hPa at the hurricane center (21.1°
N, 67.3° W), p,=1012 hPa, V,=33.5ms ", and R,=120 km. The bogus information extends out to
a radius of 300 km.

Two experiments are conducted, one without (Ctrl) and one with (Exp. 6) the bogus
vortex. Assimilation of the bogus vortex information is stopped after 30 iterations. Figure 15
shows the simulated tracks compared to the observed track of Bonnie. Without the bogus vortex,
the control experiment shows significant errors in the initial position of the storm and a much too
rapid movement to the northwest. Assimilation of the bogus information corrects the initial
position error, reduces the subsequent track error, and even captures some of the slowing down
of the storm late in the forecast period.

Figure 16 shows the temporal variations of the minimum sea-level pressure (Fig. 16a)

and maximum wind at the lowest model level (Fig. 16b). Clearly, with assimilation of the bogus
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vortex, the simulation is better able to reproduce the reduction of the central pressure and
increase of surface wind speed. However, the simulated intensification is slower than observed.
This result suggests that, in addition to possible deficiencies in the model physics, the inability of
the model to exactly captlire the very rapid intensification of Bonnie may be the result of
inadequacies in the synoptic-scale conditions or the mesoscale structure of the initial vortex and
highlights the potential role that satellite remotely sensed data can play in improving hurricane
forecasts. Assimilation of cloud and . vapor tracked winds and precipitable water from
geostationary satellites may provide improvements to synoptic-scale fields -while rainfall
information from the Special Sensor Microwave/Imager (SSM/I) and Tropical Rainfall
Measuring Mission (TRMM) satellites offer potential improvements to mesoscale structure.

The contribution of the bogus vortex to the simulated precipitation is indicated in Fig. 17,
which shows the forecasted 6-h accumulated precipitation at 2000 UTC 23 August (hour 44 of
the forecast) for the control case and Exp. 6. A corresponding radar reflectivity pattern for the
period 1950-2018 UTC from NOAA reconnaissance aircraft is shown in Fig. 17c. Both the
control forecast and Exp. 6 develop heavy precipitation on the eastern side of the storm,
comparable to observations. In the control forecast, the heavy precipitation is located
approximately 2° of longitude away from the center while for Exp. 6, the heavy precipitation is

within 1° longitude of the center, in much better agreement with observations.

7. Conclusions

The effectiveness of 4-D VAR techniques for creating “bogus” vortices in numerical

simulations of hurricanes is examined by using the Penn State/NCAR nonhydrostatic mesoscale
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model (MMS5) and its adjoint system. The variational bogus vortex scheme is applied to
simulations of Hurricane Georges (1998) using three different methodologies: 1) assimilation of
bogus sea-level pressure information only, 2) assimilation of bogus wind data only, and 3)
assimilation of both bogus wind and surface pressure data. The bogus vortex data are assimilated
within a 30-min assimilation window in order to generate the initial vortex for subsequent
forecasts. The experiments suggest that assimilation of both pressure and wind information
provides the best results. With assimilation of sea-level pressure data only, the response of the
horizontal wind field is dominated by the divergent component of the wind such'that the model
generates an initial vortex with very strong upward vertical motion at the center. The intensity of
this vortex decreases very rapidly within the first 6 h of the simulation. With assimilation of the
wind data only, the response of the horizontal wind field is dominated by the rotational
component of the wind and vertical motions near the center are significantly reduced. However,
the adjustment of the pressure field is inadequate and contributes to a poor forecast of storm
intensity. With assimilation of both pressure and wind data, the response of the wind field
contains both strong rotational and divergent components. The central pressure and maximum
wihd forecasts are in good agreement with observations.

During' the data assimilation period, even though only sea-level pressure and/or wind
information is included, other prognostic variables such as temperature and moisture are adjusted
in a manner consistent with the model resolution and physics. The vortex generated by the 4-D
VAR technique reproduces many of the structural features of hurricanes including radial inflow
and outflow and the warm core. The pattern of forecasted 6-h accumulated rainfall derived from

the bogus vortex is in good agreement with radar observations, indicating a reasonable
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Figure Captions

Figure 1. Location of the model domains for Hurricane Georges (1998). Domain A is the 36-km
grid and domain B is the nested, 12-km grid used in the forecast. Domain B is moved during
the simulation from B1 to B2. Estimates of the center location at 6-h intervals from the
Hurricane Research Division (HRD) of NOAA are marked by circles. The period included
in the simulation is marked by the bold segment of the track.

Figure 2. Distributions of the sea-level pressure (thin dashed line, 4 mb interval), florizontal wind
vectors and wind speed (thick solid line, 5 m s interval) at 850 hPa at the end of the
assimilation window (30 min). a) ECMWF analysis without the bogus vortex (Ctrl), b)
assimilation of surface pressure only (Exp. 1), c) assimilation of wind data only (Exp. 2),
and d) assimilation of both pressure and wind data (Exp. 3).

Figure 3. East-west cross sections through the center of the vortex (17.4° N, 63.6° W) at 30 min
for the control run. a) Zonal wind (4, 2.5 m s’ contour interval), b) meridional wind (v, 5 m
s” interval), ¢) potential temperature (6, 4 K interval), and d) water vapor mixing ratio (g,, 2
g kg interval).

Figure 4. Same as Figure 3, but for Exp. 3.

Figure 5. East-west cross sections of vertical velocity through the center of vortex (17.4° N,
63.6° W) at 30 min for a) ECMWF analysis, b) Exp. 1, ¢) Exp. 2, and d) Exp. 3. The contour
interval is 2.5 cm s for (a) and 50 cm s for (b-d).

Figure 6. Forecasts of hurricane track for the control run and experiments 1-3 compared to the

observed track. Center locations along the tracks are indicated every 6 hours.
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Figure 7. Time series (at 6-hour intervals) of a) minimum sea-level pressure (hPa) and b)
maximum winds (m s') at the lowest model level (0=0.995, approximately 50 m).

Figure 8. Vector wind differences between the control simulation and experiments 1-3 at 850
hPa, for (a) Exp. 1, (b) Exp. 2, and (c) Exp. 3. The shading indicates horizontal divergence
with light shading indicating values less than ~10™ s” and dark shading indicating values less
than -6X 10" s™.

Figure 9. Accumulated rainfall (shaded contours), sea-level pressure (solid line, contour interval
4 hPa) and wind vectors at lowest O level at 6 h into the forecast valid at' 1800 UTC 21
Septevmber for a) the control simulation and b) Exp. 3. c) Radar reflectivity pattern from the
lower fuselage of the NOAA P-3 reconnaissance aircraft valid at 1754 UTC 21 September.

Figure 10. East-west cross sections of wind speed through the center of vortex (17.4° N, 63.6°
W) at the end of the assimilation window (30 min) for a) Exp. 3 and b) Exp. 5. The contour
interval is Sm s

Figure 11. East-west cross sections of vertical velocity through the center of vortex (17.4° N,
63.6° W) at the end of the assimilation window (30 min) for a) Exp. 3 and b) Exp. 5. The
contour interval is 50 cm s .

Figure 12. Forecasts of hurricane track for the control run and experiments 4 and 5 compared to
the observed track. Center locations along the tracks are indicated every 6 hours.

Figure 13. Time series (at 6-hour intervals) of a) minimum sea-level pressure (hPa) and b)
maximum winds (m s') at the lowest model level (0=0.995, approximately 50 m).
Experiments ! and 4 involve assimilation of sea-level pressure data only, while experiments

4 and 5 involve assimilation of both pressure and winds.
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Figure 14. Location of the model domains for the simulation of Hurricane Bonnie (1998).
Domain C is the 36-km grid and domain D is the nested 12-km grid used in the forecast.
Domain D is moved during the simulation from D1 to D2. Estimates of the center location at
6-h intervals are marked by circles. The minimum sea-level pressure (hPa) and maximum
surface wind (m s”) are show inside the brackets. The period included in the simulation is
marked by the bold segment of the track.

Figure 15. Forecasts of hurricane track for the control run and Exp. 6 compared to the observed
track. Center locations along the tracks are indicated every 6 hours.

Figure 16. Time series (at 6-hour intervals) of a) minimum sea-level pressure (hPa) and b)
maximum winds (m s’) at the lowest model level (0=0.995, approximately 50 m) for
control simulation and Exp. 6 compared to obserations.

Figure 17. Six hour accumulated rainfall (shaded contours), sea-level pressure (solid line,
contour interval 4 hPa) and wind vectors at lowest O level at 44 h into the forecast valid at
2000 UTC 23 August for a) the control simulation and b) Exp. 6. c) Radar reflectivity
pattern from the lower fuselage of the NOAA P-3 reconnaissance aircraft valid at 1956 UTC

23 August.
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